Purpose Cathepsin L and ADAMTS-1 are known to play critical roles in follicular rupture, ovulation, and fertility in mice. Similar studies in humans are limited; however, both are known to increase during the periovulatory period. No studies have examined either protease in the follicular fluid of women with unexplained infertility or infertility related to advanced maternal age (AMA). We sought to determine if alterations in cathepsin L and/or ADAMTS-1 existed in these infertile populations. Methods Patients undergoing in vitro fertilization (IVF) for unexplained infertility or AMA-related infertility were prospectively recruited for the study; patients with tubal or male factor infertility were recruited as controls. Follicular fluid was collected to determine gene expression (via quantitative polymerase chain reaction), enzyme concentrations (via enzyme-linked immunosorbent assays), and enzymatic activities (via fluorogenic enzyme cleavage assay or Western blot analysis) of cathepsin L and ADAMTS-1. Results The analysis included a total of 42 patients (14 per group). We found no statistically significant difference in gene expression, enzyme concentration, or enzymatic activity of cathepsin L or ADAMTS-1 in unexplained infertility or AMA-related infertility as compared to controls. We also found no statistically significant difference in expression or concentration with advancing age. Conclusions Cathepsin L and ADAMTS-1 are not altered in women with unexplained infertility or AMA-related infertility undergoing IVF, and they do not decline with advancing age. It is possible that differences exist in natural cycles, contributing to infertility; however, our findings do not support a role for protease alterations as a common cause of infertility.
Introduction
Ovulation is a dynamic and intricately orchestrated process that is triggered by a mid-cycle surge of luteinizing hormone (LH); however, the mechanism behind the actual rupture of the follicular wall that allows extrusion of the oocyte is not clearly understood. Longstanding theories on the events leading up to this process have centered on the concept that biochemical and mechanical alterations occur at the level of the follicle or on the follicle wall itself. Early investigations established a role for proteolytic enzyme degradation of the connective tissue matrix of the follicular wall, leading to rupture [1] . More recently, two proteases have been implicated as playing a critical role in the process of follicular rupture [2] . Cathepsin L (CTSL, a lysosomal cysteine protease) and ADAMTS-1 (A distegrin and metalloproteinase with thrombospondin-like motifs), both selectively induced in granulosa cells by LH during the periovulatory period in wild-type mice, remained at preovulatory levels in anovulatory progesterone receptor (PR) knockout mice [2] . Conclusive evidence for the role of ADAMTS-1 in remodeling of the follicular wall to mediate rupture was morphologically and histologically identified in an ADAMTS-1 knockout mouse model, which resulted in a subfertile phenotype with significant reduction in the ovulation rate and the fertilization rate of ovulated oocytes [3] . While the role of cathepsin L in ovulation has not been studied in detail, homozygous female cathepsin L null mice are reportedly infertile [4] .
The expression of the progesterone receptor, cathepsin L and ADAMTS-1 in human granulosa cells also increases, under the influence of LH, during the periovulatory period [5] [6] [7] . Moreover, a recently published prospective experimental study reported that the expression of ADAMTS-1 was decreased in the granulosa cells of 40 women with polycystic ovarian syndrome (PCOS) undergoing IVF treatment [8] .
Up to 30 % of couples with infertility have Bunexplainedî nfertility, meaning no cause for infertility was discovered after evaluation of ovulation, sperm parameters, fallopian tube patency, and uterine anatomy [9] . Commonly used methods to detect ovulation are indirect and are based on measuring LH or progesterone levels; however, in a subset of patients, actual release of the oocyte may not occur despite the hormonal stimulus for ovulation. Although this is controversial, one study evaluating this phenomenon, known as luteinized unruptured follicle (LUF) syndrome, demonstrated an incidence of 25 % in women with unexplained infertility, and an even higher recurrence rate between 78.6 and 90 % in patients undergoing multiple cycles of fertility treatment [10] .
While it is well known that fertility declines with advancing age and live birth rates are diminished largely due to aneuploidy, there has been little investigation into the role of ovulatory dysfunction affecting fertility in older patients. It has been well-established that ovulation becomes less regular and more infrequent in the 8-10 years preceding menopause [11] . Patients diagnosed with AMA-related infertility demonstrate a normal evaluation of all other parameters as noted above, and it is plausible that a subset of these patients have defective mechanisms for follicular rupture as well.
Because of the reported involvement of cathepsin L and ADAMTS-1 in female fertility, we sought to perform translational experiments to test the hypothesis that one or both of these enzymes are reduced in human cases of unexplained and AMA-related infertility. In order to evaluate all possible aspects of alterations, we investigated gene expression, enzyme concentration, and enzymatic activity of both proteases.
Materials and methods

Ethical approval
Research approval was obtained from the institutional review board (IRB) at the University of Iowa for all human sample collections (IRB #201010769). Written informed consent was obtained from all patients included in the study prior to sample collection.
Patient selection
Samples were obtained from patients undergoing in vitro fertilization (IVF) treatment at the Center for Advanced Reproductive Care at the University of Iowa Hospitals and Clinics (Iowa City, Iowa, US). Patients undergoing fresh IVF cycles were prospectively recruited between September 2013 and May 2014.
Enrolled patients were categorized on the basis of diagnosis: control (male factor or tubal infertility), unexplained infertility (all other causes of infertility excluded), and AMA (age ≥38 years). We selected our controls on the basis that women with these causes for infertility demonstrate normal ovulatory function clinically and the etiology was not ovarian in nature. Data was prospectively collected on the following clinical characteristics: age (years) at time of cycle start, body mass index (BMI) in kg/m 2 , parity (number of live births), and most recent antral follicle count (AFC) by transvaginal ultrasonography. Additional clinical outcomes were collected for each fresh IVF cycle: total fertilization rate, number of embryos transferred, number of blastocysts cryopreserved, and pregnancy outcome.
All IVF cycles were preceded by one month of oral contraceptive pills. Pituitary desensitization and inhibition of ovulation were achieved by administration of GnRH agonist (leuprolide acetate: Sun Pharmaceutical Industries Ltd., India) or GnRH antagonist (Ganirelix acetate: Merck & Co., Inc., USA). The same gonadotropin formulations were utilized for all patients (follitropin beta, Follistim AQ: Merck & Co., Inc., USA; human menopausal gonadotropin / hMG, Menopur: Ferring Pharmaceuticals Inc., USA). Total gonadotropins utilized were calculated and defined as the total IU of Follistim and Menopur used for the cycle duration. Ovulation was triggered with 10,000 IU of chorionic gonadotropin (APP Pharmaceuticals, LLC, USA) for all patients when at least 2 follicles of ≥18 mm in diameter were achieved. Cycle day of trigger was defined as the length of time between the start of stimulation and administration of ovulation trigger. Oocyte retrieval was then performed via transvaginal aspiration 34-36 hours later. Total oocytes retrieved included all oocytes (mature, immature, and atretic) obtained during the follicular aspiration. Mature oocytes were inseminated by either conventional IVF or intracytoplasmic sperm injection (ICSI), and fertilization was confirmed 18 hours following insemination.
Fertilization rate was defined as the number of normally fertilized oocytes (diploid zygotes) divided by the number of oocytes inseminated. The number of embryos transferred was based on institutional policy on either day 3 or day 5 of culture. Supernumerary embryos were all cryopreserved at the blastocyst stage. Pregnancy rate was calculated as ongoing or delivered pregnancy per fresh transfer (excluding first trimester spontaneous abortions).
Sample collection
Fluid was aspirated from the first follicle, selected based on large size and accessible position, into an individual sterile tube without culture medium. Samples were collected without gross contamination of blood. After examination and removal of any oocytes, the first follicle fluid was centrifuged at 3, 000 rpm for 15 minutes at 4°C to eliminate any potential contamination. The supernatant was evaluated microscopically to confirm the absence of blood and other cellular contaminants, then transferred to sterile polypropylene tubes and flash-frozen in liquid nitrogen prior to storage at -80°C until assays were performed.
The remaining follicular fluid collected during the retrieval was pooled and centrifuged at 3,000 rpm for 15 minutes at 4°C. After removal of the supernatant, the pellet was resuspended in RNAlater® Stabilization Solution (Ambion, USA) in order to preserve any granulosa cell RNA that was present. This suspension was then transferred to a sterile polypropylene tube, flash-frozen in liquid nitrogen, and stored at -80°C until RNA isolation was performed.
RNA isolation and quantitative real-time PCR (qPCR)
Total RNA was isolated from the pooled follicular fluid pellet obtained following thawing and centrifugation at 5,000 rpm for 15 minutes at 4°C. The RNA was extracted using QIAshredder spin columns and RNeasy Plus Mini Kits (QIAGEN, USA) according to the manufacturer's instructions. The amount of RNA isolated was quantitated using a NanoDrop 1,000 spectrophotometer (Thermo Scientific, USA). Each sample was then diluted to 10 ng/μL for measurement of gene expression using quantitative real-time PCR (qPCR).
All qPCR assays were run in duplicate using 50 ng of RNA, the iTaq™ Universal SYBR® Green One-Step Kit (Bio-Rad Laboratories, Inc., USA) and a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., USA) with commercially available primers for CTSL and ADAMTS1 (GeneCopoeia™, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, GeneCopoeia™, USA) was utilized as the reference gene. Expression levels of the two genes of interest were normalized to the expression level of the reference gene and quantitated using the delta delta Cq method [12] .
Enzyme-linked immunosorbent assays (ELISA)
The concentration of cathepsin L and ADAMTS-1 was determined using ELISA in duplicate 100 μL and 50 μL aliquots, respectively, of thawed fluid from the first follicle supernatant. For cathepsin L, the samples were assayed using the Human Cathepsin L Platinum ELISA kit (eBioscience, Austria) according to the manufacturer's instructions. The sensitivity of the assay is 1.7 ng/mL and the intra-and inter-assay coefficients of variation are 6.2 and 6.0 %, respectively. For ADAMTS-1, the samples were assayed using the Human A Disintegrin and Metalloproteinase with Thrombospondin 1 ELISA kit (MyBioSource, USA) according to the manufacturer's instructions. The sensitivity of the assay is 0.1 ng/mL and the intra-and inter-assay coefficients of variation are <9 and <10 %, respectively.
Enzymatic activity assay
To quantify the enzymatic activity of cathepsin L, thawed fluid from the first follicle supernatant was used. An assay was developed utilizing the fluorogenic peptide substrate, Z (N-carbobenzyloxy)-Phe-Arg-AMC (7-Amino-4-methylcoumarin) (R&D Systems, Inc., USA) at a final concentration of 100 μM. Samples were incubated at 37°C for 275 min and the fluorescent cleaved product was measured on the Synergy 4 Hybrid Microplate Reader (BioTek Instruments, Inc., USA) using 380 nm excitation and 485 nm emission. A blank (fluorescence measurement done at time=0) was subtracted from all the samples and the overall enzymatic activity was expressed as relative fluorescent units (RFU)/mL of follicular fluid. Cathepsin L enzyme from human liver (Sigma-Aldrich, Inc., USA), at a concentration of 1 μg/mL, was utilized as a positive control.
Western blot analysis
Because of the lack of availability of a commercially available fluorogenic or colorimetric assay for ADAMTS-1, we used Western blot analysis to detect the cleavage of endogenous Versican in follicular fluid. Versican is the endogenous substrate for ADAMTS-1 and its cleaved product can be measured with a commercially available antibody [13] . For this analysis, 3 representative samples of first follicle aspirates were selected from each group based on similar ADAMTS-1 concentration obtained with the ELISA assay.
After SDS polyacrylamide gel electrophoresis, proteins were electrotransferred onto a polyvinylidene difluoride membrane over 2 hours. Non-specific binding sites were blocked in 5 % bovine serum albumin (BSA) in Tris-buffered saline (TBS) containing Tween 20 for a total of 2 hours at room temperature. Membranes were then incubated overnight at 4°C with the primary antibody for cleaved Versican (ab19345: Abcam®, USA) at a dilution of 1:5000. The membranes were thoroughly washed and then incubated for 1 hour at room temperature in goat anti-rabbit IgG horseradish peroxidase (HRP)-conjugated secondary antibody (#170-6515: Bio-Rad Laboratories, Inc., USA), at a dilution of 1:3000. After rinsing, the specific proteins were detected with ECL Western Blotting Detection Reagents (Amersham / GE Healthcare, UK) according to the manufacturer's instructions. Images were developed using an X-Omat film processor (Eastman Kodak Company, USA).
Statistical analysis
From preliminary quantitative enzymatic activity for cathepsin L, we performed a power analysis based on the desired detectable difference in enzyme activity. Using an alpha= 0.05, beta of 0.2, and an effect size of 25 %, we determined that we would need a total of 12 patients per group.
For analysis of results and creation of figures, we utilized Prism 6 statistical software (GraphPad Software, Inc., USA). We applied ordinary one-way analysis of variance (ANOVA) with Bonferroni correction as indicated. We also utilized linear regression for analysis of the effect of advancing age on gene expression and protein concentration, with significance set at a p-value <0.05 with 95 % confidence intervals. All numerical and graphical data reported are expressed as the mean±the standard error of the mean (SEM).
Results
A total of 42 patients aged 28-43 participated in the study and each group had 14 patients. Demographic and clinical characteristics of all patients are listed in Table 1 . The mean values are displayed for each variable. We found no statistically significant difference in mean BMI, parity, cycle day of trigger, first follicle volume, fertilization rate, number of supernumerary embryos cryopreserved, or pregnancy rate among the groups. Mean age (p<0.0001), AFC (p=0.0005), total gonadotropins administered (p = 0.0001), and total oocytes retrieved (p=0.0149) were all found to vary significantly when comparing the control to the AMA group. The number of embryos transferred in the fresh cycle was also found to be significantly different (p= 0.0009) when comparing both the control and unexplained infertility groups to the AMA group.
Differential gene expression of CTSL and ADAMTS1
The granulosa cells from the pooled follicular fluid pellets of all samples were used to isolate RNA. In 3 samples from the control and 3 samples from the unexplained infertility groups, the concentration of total RNA extracted was not sufficient for analysis and these samples were thus excluded. The remaining samples (11 control, 11 unexplained infertility, 14 AMA) were analyzed for expression of CTSL and ADAMTS1 using qPCR. Fold-change in gene expression relative to the control group is depicted in Fig. 1a and b for CTSL and ADAMTS1, respectively. There was no statistically significant difference in expression for CTSL or ADAMTS1 for unexplained infertility or AMA when compared to the control group.
Concentration of cathepsin L and ADAMTS-1
All 14 samples from each group were analyzed for the concentration of cathepsin L (CTSL) and ADAMTS-1 using ELISA. One sample from the AMA group was below the limit of detection on the CTSL assay, and therefore was excluded from the analysis. The individual sample concentration of CTSL and ADAMTS-1 for each group is depicted in Fig. 2a and b, respectively. There was no statistically significant difference in CTSL or ADAMTS-1 concentration for unexplained infertility or AMA when compared to the control group. We also calculated the concentration of each enzyme per milligram of protein present in the follicular fluid (ng/mg) instead of per ml of follicular fluid (as shown in the Figures); however, this also showed no statistically significant difference in CTSL or ADAMTS-1 when compared to the control group (figures not shown).
Enzymatic activity of cathepsin L All 14 samples from each group were analyzed for cathepsin L activity (Fig. 3) . No statistically significant difference in cathepsin L activity was demonstrated for unexplained infertility or AMA when compared to the control group. We also calculated the enzymatic activity per milligram of protein present in the follicular fluid (RFUs/mg); however, this also showed no statistically significant difference among the groups (figures not shown). The mean±SEM for each group is noted and is also shown by the bars and brackets. Gene expression of (a) CTSL and (b) ADAMTS1 in the unexplained and AMA-related infertility groups are relative to expression in the control group. There was no statistically significant difference for CTSL or ADAMTS1 when compared to the control group Enzymatic activity of ADAMTS-1
As previously described, we utilized 3 representative samples from each group for our analysis, based on similar ADAMTS-1 concentration from the ELISA results. The demographic and clinical characteristics of these select patients are listed in Table 2 . The mean values are displayed for each variable.
Within this selected group, we found no statistically significant difference in mean BMI, parity, first follicle volume, AFC, total gonadotropins administered, cycle day of trigger, total oocytes retrieved, fertilization rate, number of supernumerary embryos cryopreserved, or pregnancy rate among the groups. Mean age (p = 0.0135) and number of embryos transferred in the fresh cycle (p=0.0370) were both found to vary significantly when comparing the control to the AMA group. The Western blot image for cleaved Versican is shown in Fig. 4 . The results were not quantitated but simple visual inspection suggests that cleaved Versican is similar in all samples.
Effect of age on gene expression and protein concentration
In order to determine if advancing age had any effect on the expression of CTSL or ADAMTS1, we analyzed all samples from all groups and plotted the relative expression as a function of age (Fig. 5) . While there appeared to be a downward trend in ADAMTS1 with advancing age, neither CTSL nor ADAMTS1 were found to show a significant change as a function of age.
We performed a similar analysis on the protein concentration of CTSL and ADAMTS-1 (as measured by ELISA, see above) as a function of age. The sample concentrations relative to advancing age for CTSL and ADAMTS-1 are demonstrated in Fig. 6 . No trend was observed, and there was no statistically significant difference in the concentration of CTSL or ADAMTS-1 with advancing age. We also analyzed the concentration of CTSL or ADAMTS-1 expressed per milligram of follicular fluid protein (ng/mg) relative to advancing age; however, this also demonstrated no statistically significant difference in the concentration of CTSL or ADAMTS-1 (figures not shown). 
Discussion
There is growing evidence, derived from the study of genetically-modified mouse models that certain proteases, specifically cathepsin L and ADAMTS-1, participate in follicular rupture and perhaps other aspects of ovulation and fertilization [2, 3, 6, 13] . This is particularly true for ADAMTS-1 because mice that are null for this enzyme have a substantial defect in ovulation that is secondary to a defect in follicular rupture [3] . In addition, the fertilization rate of ovulated oocytes is reduced in ADAMTS-1 null mice [3] . The involvement of cathepsin L on fertility is not as well defined but, like ADAMTS-1, the expression of cathepsin L is enhanced in the periovulatory period and is dependent on the expression of the granulosa cell progesterone receptor [2, 14] . Mice that are null for the progesterone receptor are anovulatory, and do not express either ADAMTS-1 or cathepsin L when stimulated with LH [2] . These pathways have not been studied as extensively in humans, but it is known that the expression of the progesterone receptor, cathepsin L and ADAMTS-1 in human granulosa cells also increases, under the influence of LH, during the periovulatory period [5] [6] [7] . Moreover, two small independent studies have documented a decrease in the expression of ADAMTS-1 in the ovaries [15] or granulosa cells [8] of women with PCOS, a disease that is associated with decreased ovulation. Interestingly, a similar decrease in ovarian ADAMTS-1 expression was reported in the ovaries of 15 female-to-male transsexuals receiving long-term androgen treatment [15] .
Based on these results, we hypothesized that a decrease in the expression of cathepsin L and/or ADAMTS-1 could contribute to the etiology of unexplained infertility and/or the decreased ovulatory response that occurs as a function of age. We show, however, that neither the expression (at the mRNA and protein level) nor the activities of cathepsin L or ADAMTS-1 appear to change in human cases of unexplained or AMA-related infertility. We have also shown that there are no significant differences in the expression (at the mRNA and protein level) or activity of either enzyme as a function of advancing age.
Since our studies were conducted only in women undergoing IVF treatment, an obvious limitation is that the resulting findings cannot be strictly extrapolated to what occurs in a natural ovulatory cycle for women with unexplained or AMA-related infertility. We also recognize that those patients with unexplained infertility may be too heterogeneous a group to truly identify a difference in gene expression, enzyme concentration, or enzymatic activity from the sample size utilized in this study. As in the case of LUF syndrome, alterations may be present only in a subset of patients with unexplained infertility. Finally, it is likely that cathepsin L and ADAMTS-1 are both integral mediators of ovulation and that a coordinated disruption in both is required to prevent ovulation. This conclusion is, in fact, supported by the partial reduction in ovulation of the ADAMTS-1 null mice [3] and the anovulatory phenotype of the progesterone receptor null mice [2] where neither ADAMTS-1 nor cathepsin L are induced.
Conclusions
Further studies are needed to investigate the underlying causes of unexplained and age-related infertility, as these conditions are so common among patients seeking fertility care. We have demonstrated by gene expression, protein concentration, and enzymatic activity the presence of two enzymes integral to ovulation in human follicular fluid: however, our findings do not support the hypothesis that alterations of cathepsin L or ADAMTS-1 are a cause of unexplained or AMA-related infertility.
